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I. INTRODUCTION
C ELLS, which are the elementary units of living organisms, are regulated and governed by genes, biological processes and various microenvironments, and their status reflects the organism's physiological situation and affects the biological function of the whole body [1] , [2] . Moreover, recent studies have demonstrated that cells' mechanical properties, such as cellular mass, elasticity, viscosity and resonant frequency, are closely related to their function [1] , including migration [2] , differentiation [3] , malignancy [4] - [6] , and death [7] . For example, the growth rate of adherent human colon epithelial cells was found to linearly increase as the cell mass increased at an average rate of 3.25%/h [8] . Live metastatic cancer cells collected from patients are more than 70% softer than the benign cells that line the body cavity, and the lower stiffness of cancer cells is correlated with higher invasiveness [9] . Additionally, red blood cells (RBCs) obtained from patients with malaria or sickle cell anaemia are stiffer and more viscous than healthy RBCs [10] . Therefore, the cellular mechanical properties can be used as label-free biomarkers to reflect the physiological properties of cells [11] , tissues and organs. Therefore, understanding cellular mechanical properties could be a useful strategy for the early diagnosis of serious diseases and to provide personalized medication [10] , [12] - [14] .
Recently, great progress has been achieved in the development of instruments and techniques to measure the mechanical properties of individual cells and cell populations and thereby contribute to the fields of cytology and medicine. For example, micropipette aspiration applies negative pressure to soft cells, causing cellular deformation and facilitating the detection of cellular viscoelasticity [15] . Additionally, micro-fluidic techniques enable the real-time, continuous detection of the deformation of large populations of cells [16] . However, these methods are only applicable to suspended cells and have low accuracy, whereas most human cells are adherent cells and require adhesion to surrounding tissues for growth, proliferation and differentiation. Optical and magnetic tweezers can be used to measure the viscoelasticity parameters of biological samples by contacting operating micro-beads with samples [17] , [18] . However, the low throughput and restrictive requirements on operating environments constrain the application of these methods.
Quartz crystal microbalance (QCM) and QCM with dissipation (QCM-D) sensors are suitable tools for measuring the mechanical properties of biological materials based on resonance frequency shifts and changes in the vibration waveform [19] , [20] . Furthermore, an array of micro-electro-mechanical system (MEMS) resonant sensors combined with a laser Doppler vibrometer (LDV) can be utilized to measure the micromechanical properties of bio-samples and hydrogels, including their mass and viscoelasticity parameters, based on various vibration quantities, such as resonance frequency shifts, vibrationinduced phase shifts and amplitude ratios [8] , [12] , [21] - [24] . However, using QCM, QCM-D and resonant sensors requires that the biological samples be adhered onto measuring platforms that must be sterilized and functionalized with collagen for biocompatibility. Atomic force microscopy (AFM) with a nanoscale tip on an ultrahigh force-sensitive cantilever can measure multiple nanoscale mechanical properties, including highresolution images, viscoelasticity and the binding force [11] , [14] , [25] - [31] . Although AFM can facilitate the quantitative investigation of biological processes and cellular mechanical properties at single-cell and single-molecule levels, measuring viscoelasticity parameters is affected by the probe engagement rate, indicating the combined effects of both viscous and elastic components [18] . Moreover, few of the existing AFM based methods could simultaneously in situ obtain three mechanical properties (mass, elasticity and viscosity) of living cells with one measurement system.
In this study, we propose an indentation-vibration method based on the principle of forced vibration for the simultaneous measurement of multiple mechanical properties, including the mass (m), elasticity (k) and viscosity (c), of cells using an AFM system integrated with a piezoelectric transducer (PZT) as the substrate vibrator. A second-order mass-spring-damper harmonic oscillator system was used to model the dynamical forced vibration of a sample cell actuated by the substrate vibration, under the assumption that the cell was composed of homogeneous, isotropic and linearly elastic material [24] , [32] . The thickness-corrected Hertz model was adopted to calculate the cellular Young's modulus based on the indentation force curves [33] , which is converted to the elasticity parameter (k) for further computation of the mass (m) and viscous damper parameter (c) of the mass-spring-damper harmonic model of a cell. Living and fixed human embryonic kidney 293 (HEK 293) cells were used as the prototype samples for the measurement experiment to validate the proposed indentation-vibration-based method. The stiffness of this type of cells has been intensively investigated by researchers using AFM [34] . Moreover, the scanning position on the cellular surface was evaluated to elucidate how varying the measurement position altered the measured mechanical properties of a single living/fixed cell. This work is not only relevant for research in the fields of biomedical engineering, cytology, medicine, early diagnosis, and specific therapy but also has significance for analyses of the mechanical properties of actuation cells for bio-syncretic robots. 
II. MEASUREMENT METHOD AND PRINCIPLE

A. Measurement Method
In this work, an indentation-vibration measurement method based on the principle of forced vibration is proposed for the simultaneous measurement of multiple cellular mechanical properties (mass, elasticity and viscosity) using an AFM system integrated with a PZT [see Fig. 1(a) ]. In this method, the PZT, as the substrate vibrator, is used to drive the simple harmonic motion of the sample cell. The AFM system, as the detector, is used to measure not only the vibration of the substrate and the sample cell but also the cellular Young's modulus, which is converted to the elasticity parameter (k) for further calculation of the mass parameter (m) and viscosity parameter (c) of the cellular model. The AFM contact scanning mode with zero scanning size was used with a very small setpoint value in the measurement of vibration. Therefore, the detection force between the probe and the sample cell can be ignored, and the AFM system works as a non-invasive detector for oscillation measurement. Here, the vibration cell was modelled as an added mass Kelvin-Voigt viscoelastic solid, where the material behavior is considered to be that of a spring and damper in parallel [8] , i.e., a mass-springdamper, second-order harmonic oscillator mechanical system [see Fig. 1(b) ]. Based on this cellular model, according to the principle of forced vibration, the vibration parameters (amplitude and phase) of the top of the cell adhered onto the vibration substrate undergoing simple harmonic vibration differ from the corresponding vibration parameters of the vibration substrate [see Fig. 1(d) ]. Based on the Young's modulus obtained via the AFM indentation method and the difference between the vibration parameters of the vibration substrate and vibration cell top, the parameters, including the mass, elasticity and viscosity, of the cellular model can be calculated.
To perform measurements using the proposed indentationvibration method, the Young's modulus of the static cells is first measured via the indentation method using the AFM system [see Fig. 1(c) ]. Then, to measure the other cellular mechanical properties (mass and viscosity), the sample cells were forced to vibrate by the vibration substrate [see Fig. 1(c) ]. The vibration parameters (amplitude and phase) of the sample cell were acquired using the same AFM system as used in the indentation step to measure the Young's modulus [see Fig. 1(d) ]. Third, to determine the difference between the vibration parameters of the sample cell top and the corresponding substrate, the measurement method used in the second step is applied to measure the substrate vibration [see Fig. 1(d) ]. Finally, according to the measurement data (cellular Young's modulus and vibration parameters of the sample cell top and substrate), the mechanical properties (mass, elasticity and viscosity) of the sample cell are calculated based on the proposed theoretical model, which is described in the following section.
B. Theoretical Analysis of Indentation-Vibration Measurement Method
As mentioned above, the cell is modelled as a mass-springdamper second-order harmonic oscillator mechanical system [see Fig. 1(b) ]. The vibration of the actuation PZT substrate is described as:
where D is the amplitude, and ω is the angular velocity of the substrate vibration. According to the dynamic equation, the vibration of the cell is described as:
where x 1 is the relative displacement between the cell top and the substrate, c is the damping factor of the damper associated with the cellular viscosity, k is the Hooke's coefficient of the spring associated with the cellular elasticity, and m is the equivalent mass of the sample cell. According to the mechanics of vibration [35] , the relative vibration between the cell top and the substrate is:
where θ 1 is the relative phase difference between the actuation vibration of the substrate and the relative cell top vibration, and β 1 is the relative amplitude ratio between the relative vibration of the sample cell top and the vibration substrate, which can be described as:
where s is the relative frequency between the actuation frequency ω and the resonant frequency ω 0 of the sample cell, and ζ is the relative damping coefficient; these parameters can be described as:
Combining (1)- (4), the absolute vibration of the cell is:
for which
where β and θ are the amplitude ratio (β = A/A 0 ) and the phase difference between the vibration of the cell top and that of the substrate, respectively. β and θ of the sample cell under different actuation frequencies ω can be measured using AFM; then, the corresponding s and ζ can be calculated based on (8) and (9) . According to (5) and (6), the parameters (m, k and c) of the cellular model are linearly dependent; therefore, the definite parameters cannot be calculated based on the vibration experiment alone. Instead, to calculate the parameters of the cellular model, the AFM indentation measurement method was adopted to obtain the cellular Young's modulus (E), which can be converted into the elasticity parameter, Hooke's coefficient (k). Based on the indentation force curves obtained by AFM, the cellular Young's modulus was computed by applying the thickness-corrected Sneddonmodified Hertz model [33] :
where F is the applied loading force, δ is the indentation depth (about 500nm in this work, as shown in Fig. S1 ), h is the thickness of the measured sample, F Hertz (δ) is the regular Sneddonmodified Hertz model [36] , and g[χ(δ, h)] is a correction function that includes finite thickness effects (the details referred to [33] ). The regular Sneddon-modified Hertz model can be described as [36] :
where υ is the Poisson ratio of the cell (often 0.5), δ is the indentation depth, ϕ is the half-opening angle of the AFM conical tip (17.5°), and E is the cell Young's modulus. In order to calculate the Hooke's coefficient (k) from the Young's modulus (E) measured in the indentation process for further calculation of the damper coefficient (c) and the mass (m) of the sample cell, an cylindrical assumption [8] , [22] for cell structure was made for the convenience of study. Under this assumption, the relationship between the Hooke's coefficient (k) and the Young's modulus (E) of the material of a cylinder can be described as: Cross-sectional area of the cell model h 0
Height of the cell model where S 0 is the cross-section area, and h 0 is the height of the cylinder. According to (5)- (9) and (12), based on the measurement data (k, β and θ), the mechanical parameters (m, k, c and ω 0 ) of the cellular model can be calculated.
The symbols used in this study are listed in Table I .
III. MATERIALS AND EXPERIMENTS
A. Measurement of the Cellular Elasticity by Indentation Using AFM
A Dimension 3100 AFM (Veeco Inc., Santa Barbara, CA, USA) with a Nanoscope IIIa controller (Digital Instruments, Santa Barbara, CA, USA) was utilized in this study. To acquire the AFM images and Young's modulus of sample cells via indentation, a probe with a very soft cantilever (the nominal spring constant is 0.01 N/m) was used to reduce the influence of the external detection force on the biological sample. The measurement process is as follows: 1) The AFM tip was controlled to carefully enter the liquid in a petri dish containing living/fixed sample cells. 2) The thermal tune method was adopted to determine the elastic constant of the cantilever. 3) The force curves were obtained in a blank area of the dish substrate to determine the sensitivity value of the cantilever using the system software. 4) The AFM probe was positioned on the central area of a single living/fixed cell to obtain force curves. In this process, five force curves were collected at different positions on a cell using the same pressing rate (3 μm/s). According to the thickness-corrected Hertz model [33] , the Young's modulus of the sample cell was calculated based on the indentation curves obtained in the AFM indentation experiment, as previously described in detail [28] , [36] . Then, the cellular elasticity parameter k was calculated from the indentation curves according to (10) - (12) .
B. Measurement of the Cellular Mechanical Properties by Vibration
After determining the cellular elasticity parameter from the AFM indentation curves, the other mechanical properties (m, c and ω 0 ) of the sample cells can be obtained using the forced vibration model. The vibration experiment was conducted to acquire the oscillatory vibration curves of the sample cell top and the corresponding substrate. The ratio of the amplitude β of the cell top's oscillatory curves to that of the substrate's curves and the phase difference θ between the oscillations of the sample cell top and substrate were then computed to further elucidate the mass and viscous damping parameters. The cellular mechanical property ω 0 can be calculated using the k and m obtained above, according to (5) .
During the vibration experiment, a function generator (Agilent 33522A) was used to generate a sinusoidal driving signal to induce the simple harmonic vibration of the PZT substrate vibrator using a dedicated power amplifier (XMT XE-650.OA). The petri dish containing the sample cells was mounted on the PZT substrate vibrator and forced to vibrate synchronously. To measure the vibrations of the sample cell top and the corresponding substrate, a signal access module (SAM) (Digital Instruments, Santa Barbara, USA) was used to obtain the deflection data of the cantilever and the voltage signal driving the scanning PZT tube (scanner) of the AFM system during the measurement process. The cantilever deflection signal and driving voltage of the scanner were recorded with the same digital oscilloscope to further calculate the substrate vibration and forced vibration of the sample cell top based on the sensitivity of the probe and the resolution of the AFM scanner. As described in the section addressing the theoretical analysis, the mechanical properties of each sample cell were obtained based on the amplitude ratio and phase difference between the vibrations of the sample cell top and the substrate, combined with the cellular elastic parameter obtained from the AFM indentation experiment.
To determine the mechanical properties (k, m and c) measured at different locations on a single living/fixed cell, measurements were collected in a line across the cellular surface with a spacing of 5 μm (approximately ten points per line). Then, the mechanical properties of each measurement point were obtained via the proposed indentation-vibration method based on the corresponding measurement value (E, β and θ).
C. Data Processing
The data obtained in this work were processed using MAT-LAB and smoothed by a median filter with a modulus of 100. The mechanical property parameters included in the mathematical model were determined using the commercial software 1stOpt (Ver. 6.0). Statistical significance was assessed at p < 0.05.
D. Simulation and Analysis
Based on the proposed theoretical model, the amplitude ratio (β) and phase difference (θ) between the forced vibration and that of the corresponding substrate were simulated using MAT-LAB by fixing the mass parameter m and varying the actuation frequency ω and the system parameters k and c. To simulate the cellular mechanical properties, the system parameters in the simulation were defined to correspond to low viscoelasticity based on previous reports [37] .
E. Cell Preparation
In this study, HEK 293 cells were adopted as sample cells to verify the proposed indentation-vibration measurement method. The medium consisted of Dulbecco's modified Eagle's medium (DMEM, HyClone), 100-U/mL penicillin, 100-mg/mL streptomycin (Gibco), and 10% foetal bovine serum (FBS, Gibco). First, the cells were cultured in 60-mm petri dishes at 37°C under a 5% CO 2 atmosphere, and the medium was changed every 24 hours. Then, the cells were divided into two groups (experimental group and control group). The cells in the experimental group were chemically fixed using 4% paraformaldehyde for 30 min, whereas the cells in the control group were cultured in normal medium. Ten cells were randomly selected from each group (living and fixed cells), and their mechanical properties were measured.
F. Sample Cell Fixation
The proposed measurement strategy was verified by comparing the mechanical properties of living and fixed cells. Thus, two groups of cells were analysed: living cells and fixed cells. The fixed cells were obtained from living cells as follows: First, the culture medium was removed from the petri dishes, and the cells were washed three times using phosphate-buffered saline (PBS, Hyclone) for five minutes each time. Second, the cells were chemically fixed using 4% paraformaldehyde for 30 min. Third, the cells were washed three times using a cell-scrubbing solution (Beyotime, P0106) for five minutes each time. Finally, the cells were covered with medium to eliminate the influence of different liquid measurement conditions, including viscous force and inertia force acting on the cantilever due to the viscosity and density of different liquids.
IV. RESULT AND DISCUSSION
A. Simulation and Analysis
To study the influence of the actuation frequency ω and the system parameters k and c of the mechanical model on the amplitude ratio β and the phase difference θ between the forced vibration and the substrate vibration, the mathematical model was implemented using MATLAB. According to the measurement of AFM indentation experiment and the reports about the cellular mechanical properties measurement [8] , [24] , [37] , the mechanical parameters m, k and c were defined to be low mass and viscoelasticity. The mass parameter m was fixed at 5 ng, and the frequency ω was varied within 10 kHz, with k ranging from 0.05 to 0.5 N/m to fix the mechanical property c = 10 μN s m -1 and with c ranging from 10 to 200 μN s m -1 to fix the mechanical property k = 0.05 N/m. According to the simulation results, 1) the amplitude ratio β increases with increasing actuation frequency ω below the resonance frequency and decreases above the resonance frequency ω 0 [see Fig. 2 (a) and (c)], this is consistent with other report [12] . And, 2) the phase difference θ increases with increasing actuation frequency below the resonance frequency and approaches a constant value above the resonance frequency [see Fig. 2(b) and (d) ]. Both the amplitude ratio and the phase difference have been previously reported to increase with frequency in the low-frequency region [12] , [38] . Additionally, 3) as shown in Fig. 2(a) and (b) , β and θ of systems with larger k are lower than those in systems with smaller k below the resonance frequency. This phenomenon is reversed above the resonance frequency. Indeed, β is maximized at the resonance frequency, and the maximal β increases with k; this is consistent with previous studies [12] . 4) A higher damping parameter c results in a smaller amplitude ratio β and a larger phase difference θ at relatively low frequencies. And at the resonance frequency, the system with a smaller c shows a larger β and θ [see Fig. 2 (c) 
B. Measurement of Cellular Stiffness by Indentation
To measure the elasticity of the sample cells and detect their other mechanical properties using the vibration method, the stiffness of the sample cells was measured via indentation using AFM. In general, before the measurement of the mechanical properties of sample cell, a whole three-dimensional AFM image of the sample cell should be obtained to acquire the size of the sample cell and to determine the appropriate region for further indenting the cell and measuring the forced vibration using the AFM tip [see Fig. 3(a) ]. In this study, in order to reduce the influence of the contact force between the tip and the sample cell, a simple scanning method [39] was used to acquire a simple three dimensional profile of the sample cell depicted with two lines only, as shown in the illustration in Fig. 3(a) and Fig. S2 . Briefly, under the bright-field guidance, the sample cell was scanned along a line at the middle region of the cell in the x-axis direction (the blue line in Fig. 3(a-1) and Fig. S2 ) and then along another line (the red line in Fig. 3(a-1) and Fig. S2 ) in the y-axis direction crossing the peak point of the first line. Based on the topographies of the two crossed lines, the approximate region and height of the sample cell can be obtained for the further measurement and calculation. The cellular profile shows that the central region of the cell, which has a diameter of approximately 10 μm, is less steep and thicker than the rest part of the cell [red arrows in Fig. 3(b) ]. In general, with AFM indentation, the steep bevel part of the cell makes the cantilever deflect not only vertically but also horizontally, causing the vertical deflection of the cantilever smaller than that with AFM indentation onto the flat central region [40] and therefore leading to larger error in the calculation of Young's modulus with the thickness-corrected Hertz model. On the other hand, the requirements that the indentation depth is less than ten percent of the cell thickness [32] to reduce the influence of rigid substrate and the indentation depth is more than 400 nm to avoid the effects caused by uncertainties on the contact point [41] imply that the measurements within the thicker region of the cell will be more accurate with less influence from the rigid substrate [42] . Therefore, the central thicker area of the cell is the proper region for obtaining the regular force curve to acquire the cell's Young's modulus. Then, the tip of the probe was moved onto the central region of the sample cell based on the bright field to obtain the indentation force curves of the sample cell via indentation experiments. The Young's modulus of the sample cells was calculated from the force curves based on the thickness-corrected Hertz model [33] . The results show that the average stiffness values of the living and fixed cells are 0.374 kPa and 0.880 kPa, respectively (Fig. 4(c) with left vertical axis) . Therefore, living cells are much softer than fixed cells, and the stiffness of living cells is only 42.46% that of fixed cells, which is consistent with previous reports results [8] , [24] , [34] , [38] , [43] - [46] . According to the cellular AFM image [see Fig. 3(a) ], both living and fixed sample cells were assumed to have a cylindrical shape [8] , [22] with dimensions of 40 μm in diameter and 5 μm in height. Subsequently, the elasticity parameter (k) of the sample cells was calculated using the Young's modulus values based on (12) (Fig. 4(c) with right vertical axis).
C. Measurement of Cellular Mechanical Properties by Vibration
The signal from the function generator was amplified and then used to actuate the PZT substrate vibrator and cause the substrate to harmonically vibrate, resulting in the forced vibration of the sample cells. The vibrations of the sample cell top and the corresponding substrate at positions near the cell were measured respectively. Then, the amplitude ratio (A/A 0 ) and the phase lag (θ 0 − θ ) between the vibrations of the substrate and the cell top were used to calculate the mechanical properties of the sample cell, according to the proposed theoretical model.
To non-invasively measure the vibrations of the substrate and the cell top, the AFM contact scanning mode with zero scanning size was used. In this mode, theoretically, the deflection of the cantilever can be maintained at a small pre-set setpoint by the scanner with a feedback of the PSD signal. Due to the existence of the solid-fluid interaction and the retardance of the scanner actuation, there exists an oscillating deflection of cantilever with a small amplitude around the setpoint and the oscillation of cantilever deflection causes errors in the vibration measurements. Therefore, the deflection oscillation signal was recorded by PSD signal for correcting the vibration measurements. The other relevant signals, including those generated by the function generator and the amplified signals driving the PZT substrate vibrator were also recorded for the further analysis, as shown in Fig. 3(c) (solid lines for the sample cell top and dashed lines for the substrate).
In order to reduce the effects of the oscillating deflection of cantilever on the vibration measurement, the vibration signals of the substrate and cell top can be corrected via a linear combination of the deflection signal and the scanner actuation signal according to the sensitivity of the cantilever (264.52 nm/V) and the resolution of the AFM's scanning PZT (463.9 nm/V). Subsequently, the vibration signals of the substrate and the cell top were filtered, fitted with a sinusoidal function, and normalized by the corresponding amplified signals. To compare the phases of the substrate vibration and the forced vibration of the cell top, the normalized vibration signals of the substrate and the sample cell top must be shifted in accordance with the phase alignment of the two amplified signals that actuate the substrate vibrator, which were recorded in the measurements of substrate vibration and the forced vibration of cell top, as shown in Fig. 3(c) . Clearly, the vibration waveforms of the substrate and the cell top lag behind the amplified signal used to actuate the substrate vibrator because of, for example, the capacitance effect of the PZT substrate vibrator and the AFM scanner and the retardance of the AFM system. However, differences in the amplitude and phase exist between the substrate vibration and the forced vibration of cell top, as shown in the illustration in Fig. 3(d) . The amplitude ratio β and the phase difference θ were calculated to elucidate the cellular mechanical properties according to the proposed theoretical model.
D. Measurement of the Mechanical Parameters in the Cellular Centre
The amplitude ratios β and phase differences θ of living and fixed sample cells with respect to the substrate under different actuation frequencies (from 0.05 to 0.5 kHz) were calculated and plotted, as shown in Fig. 4(a) and (b) . The results show that relatively low actuation frequencies below the resonance frequency, the amplitude ratios β and phase differences θ of living and fixed sample cells increase as the actuation frequency increases. Additionally, the amplitude ratios β and phase differences θ of living cells are larger than those of fixed cells over the range of applied actuation frequencies, mainly because living cells are softer than fixed cells, as noted in Section IV-B). These experimental results are consistent with the simulation results obtained at frequencies below the resonant frequency, as described in Section IV-A).
Based on the elasticity parameter (k) obtained in Section IV-B), the corresponding mass parameter (m) and damping parameter (c) of sample cells were calculated from the amplitude ratio (β) and the phase difference (θ) at each selected actuation frequency according to (8) and (9) . Then, the mass and damping parameters were averaged over the selected actuation frequencies and the cells in each group, as shown in Fig. 4(d) and (e) . The results show that the living and fixed sample cells have almost the same relative mass (p > 0.05), as reported previously [8] , [19] . According to (5), the resonance frequency (ω 0 ) of a sample cell is proportional to k and inversely proportional to m; therefore, the calculated ω 0 of a fixed cell is larger than that of a living cell. Furthermore, fixed cells have higher viscosities relative to living cells (p < 0.05; 0.700 μN s m -1 for fixed cells, and 0.393 μN s m -1 for living cells), as reported previously [12] , [24] , [37] . The comprehensive mechanical properties of living (blue star) and fixed (red star) sample cells acquired at the vibration frequency of 0.3 kHz are presented in Fig. 4(f) , and the comprehensive mechanical properties acquired at other selected actuation frequencies perform the similar phenomenon, which demonstrates that living cells have more consistent mechanical properties than fixed cells (n = 10). This result is consistent with those reported in [23] , which attributed this phenomenon to the observation that the measured phase difference profile of fixed sample cells is rough and peaked over individual cells.
E. Effect of AFM Tip Position on the Measurement of Mechanical Properties
As noted above, the mechanical properties (k, m, and c) of single living and fixed sample cells were measured within the central region corresponding to the flat portion of the cell profile, as shown in Fig. 3(b) . To investigate the effect of the AFM tip position on the sample cell during the measurement of mechanical properties using the indentation-vibration method, the mechanical properties were measured at 9 points (every 5 μm) along a cell profile, as shown in Fig. 5(a) . Along this profile, the amplitude ratios (β) and phase differences (θ) measured near the nucleus were larger than those near the edges of the sample cells, and the dome-shaped profile of the phase difference was consistent with a previous report [23] . The averaged mechanical parameters (calculated based on the various sized model with different height of measurement points and the same diameter of 5 μm), including the Young's modulus, elasticity parameter, relative mass, and relative damping parameter, were determined and are shown in Fig. 5(b)-(e) .
The measured values of the mechanical parameters are clearly consistent within the central portion of the cell profile (between -10 μm and 10 μm) in both living and fixed sample cells and change dramatically outside of this region. Furthermore, the measured mechanical property values of living and fixed sample cells are in agreement with the results presented in Section IV-D) within, but not outside of the central region. The result that the mechanical properties of different measurement points within a sample cell are different is in accordance with other reports [33] , [38] . The dramatic changes in the measured mechanical parameters, as the measurement point moves from the central region to the edge of the cell, may be attributed to the increasing influence of the rigid substrate due to less thickness of cell edges [32] , [42] , which cannot be completely eliminated by the thickness-corrected Hertz model, and, also to some degree, to the denser distribution of cytoskeleton within cells near the cellular boundary (confocal image of cytoskeleton in Fig. S3 and Movie S1), as reported in the previous study [38] . Therefore, in order to more accurately measure the multiple, global mechanical property parameters of a sample cell via indentation and vibration using AFM, the AFM tip should be carefully located within the central region of the sample cell.
V. CONCLUSION
Cellular mechanical properties, such as mass, elasticity and viscosity, can act as label-free biomarkers, reflecting the states of cells, tissues and organs. Therefore, in recent years, measuring these mechanical properties has been of great interest in the field of biomedical engineering. In this study, an indentation-vibration based measurement method for the simultaneous, in situ measurement of the multidimensional mechanical properties (mass, elasticity and viscosity) of cells using an integrated AFM system was proposed. The corresponding theoretical model was derived according to the mechanical model of a mass-spring-damper system. The indentation and vibration experiments were conducted with living and fixed sample cells to verify the proposed measurement method. The measurement results demonstrated that the fixed sample cells were more viscous and elastic than the living sample cells, which is consistent with previous studies. The effect of the AFM tip position on the cells on the measurement was also investigated, and it was found that the measurement results of the cell mechanical properties were consistent within the central region of the cell profile and changed dramatically as the indentation point moved from the central region to the edge of the cell. This phenomenon can be attributed to the residuary influence of the stiff substrate and the denser distribution of cytoskeleton within cells near the cellular boundary. The measurement accuracy of the cellular mechanical properties using the proposed indentation-vibration method may be affected by, for example, the simplicity of the mechanical model, the system feedback lag, or the measurement error. These factors will be considered within a more comprehensive model in the future study. This work provides an approach to simultaneous measurement of the multiple mechanical properties of single cells using an AFM system and should be useful in the fields of biomedical engineering, drug screening, early diagnosis and personalized therapy.
